Abstract We have developed an efficient transformation system for Tribulus terrestris L., an important medicinal plant, using Agrobacterium rhizogenes strains AR15834 and GMI9534 to generate hairy roots. Hairy roots were formed directly from the cut edges of leaf explants 10-14 days after inoculation with the Agrobacterium with highest frequency transformation being 49 %, which was achieved using Agrobacterium rhizogenes AR15834 on hormone-free MS medium after 28 days inoculation. PCR analysis showed that rolB genes of Ri plasmid of A. rhizogenes were integrated and expressed into the genome of transformed hairy roots. Isolated transgenic hairy roots grew rapidly on MS medium supplemented with indole-3-butyric acid. They showed characteristics of transformed roots such as fast growth and high lateral branching in comparison with untransformed roots. Isolated control and transgenic hairy roots grown in liquid medium containing IBA were analyzed to detect ß-carboline alkaloids by High Performance Thin Layer Chromatograghy (HPTLC).
Introduction
Tribulus terrestris L. is a well-known plant which grows in subtropical areas around the world and is widely used for isolation of pharmacologically active compounds such as saponins, flavonoids, β-carboline alkaloids, phytosteroids and other nutrients (Xu et al. 2001 ). The fruits have been used in traditional Chinese medicine for the treatment of eye trouble, edema, abdominal distention, emission, morbid leucorrhea, sexual dysfunction, and veiling. Also, its roots and fruits are useful in rheumatism, piles, renal and vesical calculi, menorrhagia, impotency, premature ejaculation, general weakness etc. Its leaves purify blood and are used as aphrodisiac while its roots are used as stomachic and appetizer. Its components are also used as a tonic crude drug (Sarwat et al. 2008; Selvam 2008) .
Generally, T. terrestris has a considerable seed dormancy lasting over fall and winter months (Washington State Noxious Weed Control Board 2001) with some seeds staying dormant for longer periods of time. Recently, a study has showed that germination of around 28 % the seeds of T. terrestris is normally delayed and takes upto 10 to 14 days to germinate (Sharifi et al. 2012) . Also, the growth of this plant is very slow and it produces scanty biomass. Being a medicinal plant, T. terrestris is available only during a short period of growing season. Thus, the techniques of plant tissue culture and biotechnological intervention have augmented the production and availability of such plants throughout the year for meeting the growing industrial demand (Chaudhury and Pal 2010) .
Hairy roots offer opportunities for stable (compared to undifferentiated cultures) and wide-range production of plant secondary metabolites (Giri and Narasu 2000; Hu and Du 2006; Georgiev et al. 2007) . They also present a potential for the production of valuable secondary metabolites by obtaining high-yield lines developed via optimization of the inoculums conditions and nutrient medium compounds, elicitation, permeabilization and cultivation of hairy roots in two phase systems, large scale cultivation in bioreactor systems, and using genetic engineering technology (Georgiev et al. 2007 ). Many reviews have been published over the last decade on hairy root cultures which have provided with valuable knowledge to the scientific community working in the field (Toivonen 1993; Shanks et al. 1999; Giri and Narasu 2000; Kino-oka et al. 2001; Kim et al. 2002; Eibl and Eibl 2008; Mishra and Ranjan 2008) . The phenotypic characteristics of transformed roots include: rapid growth, hormone autotrophy, reduced apical dominance, high branching and root plagiotropism (Tepfer and Tempe 1981) and one of the unique characteristics of hairy roots is their enhanced, stable production of secondary metabolites (Bourgaud et al. 2001) . The sucrose level, exogenous growth hormone, the nature of the nitrogen source and their relative amounts, light, temperature and the presence of chemicals can all affect growth, total biomass yield, and secondary metabolite production (Rhodes et al. 1994; Nussbbaumer et al. 1998) .
Despite the occurrence of medicinal and pharmaceutical importance of secondary metabolites, there are few reports of significant cultivation of this plant. There are few early reports of production of secondary metabolites from callus cultures of Tribulus (Jit and Nag 1985; Erhun and Sofowora 1986; Zafar and Hague 1990) . The potential of callus culture of T. terrestris as a source of saponin and alkaloids was investigated by Nikam et al. (2009) .
No investigation so far has been conducted on genetic transformation of T. terrestris with the soil-borne bacterium A. rhizogenes , which is responsible for the development of hairy root disease in a range of dicots (Tepfer 1984) , and utilization of hairy roots or its regenerated plants to produce the secondary metabolites.
Transgenic hairy root culture has served as a useful model system to investigate the biosynthesis of a variety of secondary metabolites. This study is the first report of Agrobacterium rhizogenes -mediated genetic transformation of Tribulus terrestris L. using wild-type strain AR15834 while conditions have been optimized for induction of hairy root cultures as well as induction of harmine production.
Materials and methods

Growth of Agrobacterium rhizogenes
Two wild-type A. rhizogenes strains, AR15834 and GMI9534 were used in this study, both harboring Ri-plasmid (Rootinducing), namely . The Ri-plasmid contains genes like vir and rol which are essential for plant transformation. A. rhizogenes was cultured on liquid Luria-Bertani (LB) medium (Brown 1998 ) until mid-log phase (OD 600 =0.5-1) was achieved at 28°C with shaking (180 rpm) in dark.
Young leaves and stem (0.5-1 cm) of in vivo grown 21 days and old plants of T. terrestris were surface sterilized for 3 min with 0.1 % (w/v) aqueous HgCl 2 , and then rinsed five times with sterile distilled water, then maintained on Murashige and Skoog medium (1962) and used as explants for A. rhizogenes transformation. Callus, epicotyls and leaves were used as explant for cocultivation with A. rhizogenes strains AR15834 and GMI9534.
Leaves were wounded using a scalpel and were immersed in the A. rhizogenes suspensions and swirled in liquid inoculation medium for 3 to 5 min. The explants were blotted dry on sterile filter paper to remove excess of bacterial inoculum and incubated in the dark on cocultivation medium (MS medium). After 2 days of cocultivation, all the explants were washed thoroughly in 350 mg L −1 cefotaxime for 15 min. Then, they were transferred to hormone-free MS medium and MS supplemented with NAA, BAP, 3 % (w/v) sucrose, 7 g L −1 agar and 350 mg L −1 cefotaxime for 28 days, then sub-cultured on to fresh medium every two weeks. Numerous roots had emerged from the wound sites. Also, un-inoculated explants were used as a control. The rate of produced roots on selective medium to the number of cultured explants was determined. Roots formed at the wound sites of the infected explants were excised and cultured in the dark in Petridishes containing 25 ml MS supplemented with 350 mg L −1 cefotaxime to establish axenic transformed root cultures. The amount of cefotaxime in the culture medium was gradually reduced to 100 mg L −1
. Each excised primary root was propagated as a separate clone and sub-cultured at 4-week intervals on cefotaxime-free MS medium supplemented with 1 mg L −1
and 2 mg L −1 IBA.
PCR analysis
Genomic DNA was extracted from transgenic and nontransgenic (control) roots, by using the cetyl-trimethyl amonium bromide (CTAB) method (Murray and Thampson 1980) . Integration of the rolB gene into the plant genome was confirmed by PCR analysis using gene-specific primers, 5′ -GCTCTTGCAGTGCTAGATTT-3′ and 5′ -GAA GGT GCA AGC TAC CTC TC-3′ for the forward and reverse, respectively. In order to amplify the rolB gene sequence, PCR was initiated by a hot start at 94°C for 10 min and amplified during 30 cycles at 94°C for 30s, 53°C for 30s, 72°C for 90s and followed by a final extension step at 72°C for 5 min. The electrophoresis of the PCR products was performed on 1.2 % agarose gel under a constant voltage of 80 V. The gel was subsequently stained with ethidium bromide solution and examined under UV light.
Effect of growth regulators
Based on published literature and evalution of different external growth regulators on bacteria-free hairy roots, IBA was added at concentrations of 1 mg L −1 and 2 mg L −1 on MS medium. The isolated roots (2 cm) from explants inoculated with Agrobacterium and as a control, adventitious roots achieved from tissue culture of T. terrestris, were excised and transferred to solid MS medium supplemented with IBA at 25°C in the dark. Consequently, in order to provide the possibility for large-scale culture of hairy roots for production of secondary metabolite, the hairy roots were cultured in liquid MS medium. The effect of auxins on root growth was determined by subculturing 200 mg roots from 1 month-old cultures to 250 ml flask containing 50 ml MS basal liquid medium with 2 mg L −1 IBA in transformed and control roots.
Flasks were placed on a horizontal shaker (90-110 rpm) in the dark at 25°C. Growth rates of hairy roots were determined by monitoring the fresh weight for 50 days. The medium was replaced every 2 weeks. Three replicates were done for each observation. These root cultures were used for secondary metabolite analysis.
Extraction and measurement of ß-carboline alkaloids
The dried powdered natural plant material (fruit, leaves and roots), callus culture, and transgenic hairy roots were used for obtaining the crude extract by soaking 1 g of dried biomass in 50 ml methanol at 50°C in water bath for 1 h. The extracts were combined and evaporated to dryness. The residue was dissolved in 50 ml HCl (2 %) and filtered through Whatman
No. 1 filter paper. The filtrate was extracted twice with 20 ml petroleum ether. The aqueous acid layer was then made alkaline (pH 10) using NH 4 OH and extracted four times with 50 ml chloroform. The resulting chloroform layer was combined and evaporated to dryness, and the residues were dissolved in 3 ml methanol (Kartal et al. 2003) . The extracts obtained above were then passed through a 0.45-μm filter and 10 μl of the filtrate extract was directly injected into the HPTLC column made of aluminum sheets of silica gel 60 F254 (Merck). CAMAG analytical HPTLC system was used for estimation of ß-carboline alkaloid (Switzeland-Swiss confederation). Harmine (Sigma Chemicals) and harmaline (Sigma Chemicals) were used as standards. The chromatograms were developed in the mobile phase chloroform: methanol: 25 % ammonia-8.4:1.4:0.2. Different extracts were injected into HPTLC apparatus to determine the content of harmine and harmaline. Samples were spotted on precoated TLC plates using an applicator. The ascending mode was used for development of thin layer chromatography. TLC plates were developed up to 8 cm and then, the plate were air dried and scanned under UV319 nm and UV374 nm. The contents of harmine in the samples were determined by comparing the area of the chromatogram with calibration curve of the working standard of harmine.
Regeneration of transformed roots
To induce callus and adventitious shoot formation, 2-3 cm transgenic hairy root obtained from A. rhizogenes strain AR15834 was transferred into the MS medium with (0, 2 mg L .
Statistical analysis
The transformation experiments for T. terrestris were evaluated by two Agrobacterium rhizogenes strains and four culture media in a factorial arrangement based on completely randomized design. Each treatment consisted of 15 explants per Petridish with three replicates. The analysis of variance was done and means comparison was conducted by using Duncan's multiple range test at p =0.01. All the calculations concerning the quantitative analysis were performed, with external standardization, by the measurement of peak areas.
Results
Callus derived hypocotyl, leaf and epicotyl segments when co-cultivated with A. rhizogenes for induction of hairy root, most of the callus segments died on media with MS salt and cefotaxime within 15 days while most of the calli and epicotyl explants showed necrosis. Only explants derived from the leaves survived and did not show any visible signs of necrosis and thus were used for further study. Emerging hairy roots were not observed for the non transformed (control) explants in medium without any PGRs. But at the same condition after 10-14 days, hairy roots began appearing at the cut surface of transformed (infected) explants (Fig. 1) . Statistical analysis using analysis of variance (ANOVA) showed a significant difference among media and strains and their interactions (P <0.01) ( Table 1 ). The number of roots produced on selective medium to the number of cultured explants was determined and it was found that the highest percentage of putative transformed hairy roots was achieved on (MS +350 mg L −1 cefotaxime) i.e. 49 % and 22 % for AR15834 and GMI9534 strains, respectively (Fig. 1) . However, MS medium supplemented with NAA and BAP combination resulted into optimum percentage of transformation for AR15834 and GMI9534 on MS +0.
% Transformation ¼ Number of explants leaves ð Þinducing hairy roots Total number of explants infected with A: rhizogenes Â 100
One of the important results of the present study was the emergence of hairy roots on medium without adding PGRs, most of the isolated putative transformed roots showed vigorous elongation with lateral roots on hormone-free medium.
Furthermore, the appearance of hairy roots at the site of inoculation was the first sign of successful infection by A. rhizogenes although some of hairy roots might have escaped and probably remained non-transformed and thus, we confirmed the transformants by PCR using gene-specific primers also. Hairy roots were made bacteria-free by transferring them to fresh medium containing the antibiotics mentioned above for every 2 weeks. Also, all hairy root clones were checked for Agrobacterium contamination by culturing hairy root sample on LB medium. The putative transgenics which were grown on selectable medium containing antibiotic was first checked for the presence of Ri plasmid (escaped bacteria) with PCR via vir C gene primers. Then, the putative lines with no positive band were screened and checked by PCR for presence of rolB gene. Genomic DNA of putative transgenic and nontransgenic (control) roots were analyzed by PCR for the presence of rolB gene using gene-specific primers. The rolB gene was amplified using specific primers yielded fragments of 430 bp, using DNA of transgenic hairy roots as template. The putative transgenic were screened and checked by PCR for specific rolB gene. However, no amplification was observed in the control hairy roots, with the primers (Fig. 3a and  b) . The presence of sharp bands in positive control confirmed that the specific primers were annealed with our construct properly ( Fig. 3a and b Lane 4). PCR analysis of roots for AR15834 and GMI9534 strains showed that the roots Fig. 1 Hairy roots of T. terrestis obtained from leaf explants transformed with A. rhizogenes strain AR15834 exhibiting during growth on MS medium after 28 days Fig. 3a and b) .
To optimize the growth of transgenic hairy roots, different concentrations of IBA were added to solid and liquid medium. The untransformed roots were used as a control, and were cultured on the same strength MS medium containing 2 mg L −1 IBA and 30 g L −1 sucrose.
Pretreatment with IBA caused root formation in all transgenic and control roots on solid MS medium and root number and branching in the rolB lines significantly increased compared to untransformed roots (Fig. 4c, d ). Control (Nontransformed roots) samples showed very slow growth, reduced elongation and rapidly turned brown (Fig. 4a, b) . Also, supplementation of exogenous auxins into liquid MS medium accelerated the growth of hairy roots. A 17-18 fold increase in transgenic root biomass, (3.8 g fresh tissue) from the initial inoculum (0.2 g fresh weight) was achieved on the MS medium containing 2 mg L −1 IBA compared to the biomass of control roots (1.5 g) ( Table 2 and Fig. 4e, f) . ß-Carboline alkaloid composition of the hairy root clone and a wild variety were compared by HPTLC. This includes developing TLC fingerprint profiles and estimation of chemical markers and biomarkers. The major advantage of HPTLC is that several samples can be analyzed simultaneously using a small quantity of mobile phase (Fig. 5) .
In this study standards of harmaline and harmine were detected with 0.36 and 0.56 retardation factor (R f) , respectively and the peak obtained with standard harmine was used to identify the corresponding peaks in root extracts. In addition, the root extracts were spiked with standard of harmine to confirm the peaks corresponding to harmine (Fig. 6) . However, the presence of harmaline in extract of different parts of natural plant and transgenic roots was not detectable by HPTLC.
It was found that the content of harmine in dry samples of two month old natural plant (sample of dried roots, leaves and fruits) (in vivo condition) and extracts of 6 weeks old transgenic hairy roots were statistically significant (Table 3 ). The analysis of extracts showed that the maximum content of harmine was 9.7 μg/g in leaves. The transgenic hairy roots showed similar concentration of harmine (1.7 μg/g dry weight of root powder) in comparison with control roots (1.21 μg/g Fig. 3 PCR analysis of genomic DNA from hairy roots of Tribulus terrestris on a 1.2% agarose gel a and b. Amplification of a 430 bp rolB gene fragments transformed with AR15834 and GMI9534 strains, respectively. Lane 1: DNA size marker (1Kbp ladder), Lane 2: negative control (Water), Lane 3 negative control (DNA from non-transformed plant), Lane 4: positive control (plasmid containing rolB gene), Lanes 5 to 9 DNA from roots that survived infection, respectively (Table 4 ). However no statistical difference was found between (p ≤0.05).
Plant regeneration from hairy roots
When 2-3 cm root segments excised from the positive transformed hairy root line were transferred into the callus induction medium supplemented with different concentrations of BAP and NAA, the segments of hairy roots began thickening and swelling. They formed small green calli from the cut ends after 30-40 days (Fig. 7a) . A few root segments still produced new lateral roots. It was also found that hairy roots, after being cultured in growth regulator-free MS medium, continued to elongate and gradually formed new lateral roots and small white callus but untransformed (control) roots could not grow on MS medium without plant growth regulator and could not develop callus (Fig. 7b) . The calli induced spontaneously on 6 weeks-old root cultures transformed with A. rhizogenes strain AR15834, were excised, cultured and maintained on MS and MS supplemented with NAA and BAP under 16/8 h (light/dark) photoperiod at 25°C.
Unorganized callus mass originated from transformed roots upon transfer to MS medium without phytohormone showed the emergence of a plenty of hairy roots and high potential of rooting. Shoots regeneration from callus of transformed roots obtained on MS medium containing 0.1 mg
BAP through infection with Agrobacterium strain AR15834 after 40-50 days but could not develop to mature shoot and plantlet (Fig. 7c) .
Discussion
Alternative methods of in vitro production of medicinal plants, such as hairy root cultures (HRC) from several important species have been developed (Guillon et al. 2006; Savitha et al. 2006) . Major factors that affect on the efficiency of genetic transformation include transformation procedure, as well as Agrobacterium strain, plant species, the co-culture conditions, the genotype and explant types, hormonal state of the tissue and culture conditions were also reported (Gaudin et al. 1994; Cheng et al. 2004) .
In this study, we evaluated the influence of cocultivation duration, explant types, Agrobacterium strains to optimize the root transformation. First attempts failed as the explants ceased and didn't survive after 3 days of co-cultivation. During cocultivation an excessive number of bacteria impose stress on plant cells, negatively affecting their regeneration potential, while use of lower number of bacteria reduce the frequency of T-DNA transfer (Montoro et al. 2003; Folta et al. 2006) .
Also the choice of appropriate explants type appears to be the most important factor in enhancing transformation frequency. In several studies of gene transformation leaf explant was more suitable than other explants as we found in our case also (Wang et al. 2006; Sivanesan and Ryong Jeong 2009; Chaudhury and Pal 2010) . Also, explants capable of auxin synthesis (intact shoots with shoot tips and young leaves) are expected to show higher transformation rates (Cardarelli et al. 1987) .
In the present study, we observed superiority of AR15834 strain for transferring of rolB gene to Tribulus compared with GMI9534 strain in all explants. Reports are available from earlier studies also that A. rhizogenes strain 15834 is most effective strain for hairy root development in Rubia tinctorum and Catharanthus roseus. (Brillanceau et al. 1989; Ercan et al. 1999) . One of the important findings of the current study was the emergence of hairy roots from transgenic explants on medium without adding PGRs. Many reports have supported the accuracy of this result in other medicinal plants (Lu et al. 2008; Peng et al. 2008) .
In this study, when we used high concentrations of NAA with BAP, the percentage of root transformation increased in comparison with MS medium without PGRs. It seems that Fig. 6 Peak response of HPTLC chromatogram of extract of hairy root culture of T. terrestris spiked with standard of harmine (Peak4). Retardation factor (R f ) of harmine was 0.56 at 319nm applying higher concentrations of exogenous auxins in medium leads to the increase of adventitious hairy roots by inducing cell division in the surrounding area of the roots. Some previous reports showed that it can be the result of reduced activity of apical dominance due to high accumulation of auxins (Finlayson et al. 1996) .
To confirm transformation events, putative transgenic lines were screened by polymerase chain reaction (PCR) for the presence of the rolB gene (Sevón and Oksman-Caldentey 2002) .
The growth rate of transgenic hairy roots was very slow and low in light (data not shown) and so as to solve this problem, we transferred these cultures to dark conditions based on previous reports indicating incubation in the dark may delay degradation of endogenous and/or exogenous plant growth regulators (Rusli and Pierre 2001) . In addition, dark treatment may reduce the levels of cell wall thickness and cell wall deposits, facilitating translocation of plant growth regulators in plant cells (Herman and Hess 1963) .
Our findings showed that the addition of IBA into the medium increased the growth of transgenic hairy root cultures of T. terrestris. Previous findings have showed that the addition of IBA at optimum levels enhanced the growth of hairy root culture of Echinacea but had no effect on the production of secondary metabolites (Choffe et al. 2000; Koroch et al. 2002; Staniszewska et al. 2003; Washida et al. 2004 ). The TL-DNA rolB gene does not increase auxin levels (Nilsson et al. 1993 ) but increases the sensitivity of plant cells to the growth regulator (Cardarelli et al. 1987; Shen et al. 1988; Spanó et al. 1988; Maurel et al. 1991; Welander et al. 1998) , probably by enhanced binding of the auxin to plant cell membranes (Filippini et al. 1994) , consequently increasing the rooting efficiency. The changes in sensitivity and content of endogenous growth regulators in plant cells undoubtedly affected the response effect of plant cells to exogenous growth regulators (He-Ping et al. 2011) .
The hairy root cultures established in liquid MS medium showed high growth rates as compared to non-transformed roots and could prove to be a useful system for production of secondary metabolites present in this important medicinal Tribulus species. Similarly, several workers have also used the liquid medium to establish the hairy root growth (He-Ping et al. 2011; Pavlov et al. 2005; Romero et al. 2009; Sivanesan and Ryong Jeong 2009) . Few previous studies support this idea that IBA could positively affect growth and secondary metabolism of various medicinal plants (Kim et al. 2003; Baque et al. 2010) .
In the last two decades, (HPTLC) has emerged as an important tool for the qualitative, semi-quantitative and quantitative phytochemical analysis of herbal drugs and formulations. The presence of harmaline in the extract of different parts of natural plant and transgenic roots was not detectable. Even if harmaline existed in extracts, it's content was lower than the detection limit which was used in this method. The study of HPTLC method by Madadkar Sobhani et al. (2001) showed the presence of minor amount of harmine in pure sample of harmaline prepared from Sigma company. These findings suggested the hypothesis that in normal environment condition, harmaline can convert progressively to harmine.
Most of the works on alkaloid production have been carried out in cell suspension and hairy root culture (Berlin et al. 1989; Kim et al. 1994; Bhadra et al. 1993; Batra et al. 2004 ). In our experiments, Tribulus hairy roots induced by A. rhizogenes showed vigorous growth and produced equal amounts or more harmine than non-transformed roots and they may have a better root yield than the roots of nontransformed plants. Increasing root yield is of special importance in Tribulus terrestris because root growth is very slow and consequently highly expensive to maintain. In addition, plant regeneration from hairy roots may be a means for Value within a column followed by different letters are significantly different at the 0.05 probability level producing transformed Tribulus plants, in particular with respect to increasing the root yield. However, there has been no report till now on plant regeneration from hairy roots of T. terrestris. One explanation for the fact that transformed roots of T. terrestris exhibited low harmine contents is that these roots were unable to interact with other plant tissues/organs leading to the biosynthesis of harmine. The production of certain secondary metabolites requires participation of roots and leaves. Metabolic precursors produced by organ-specific enzymes in roots are presumed to be translocated to aerial parts of the plant for conversion to another product by the leaves. A solution to this problem is the root-shoot co-culture using hairy roots and their genetically transformed shoot counterparts shooty teratomas (Subroto et al. 1996; Mahagamasekera and Doran 1998) . Hairy root cultures of Oxalis tuberose transformed with A. rhizogenes (ATCC-15834) showed better growth and exudation of harmine and harmaline in comparison to untransformed control roots. Harmine and Harmaline showed wide constitutive antimicrobial activity against soil-borne microorganisms (Bais et al. 2003) , anti-leishmanial activity (Di Giorgio et al. 2004) , bioinsecticidal activity (Rharrabe et al. 2007) , and cytotoxic to cancer cells (Rivas et al. 1999) . HPLC analysis of hairy roots clones of Hyoscyamus and Persian poppy of Papaver bracteatum L. showed that the relative concentration of alkaloids were virtually identical in wild-type and transgenic roots. But the transgenic roots grew faster than wild type (Flores et al. 1987; Park and Facchini 2000) . In our study, the content of harmine in the transformed roots is identical to natural roots, but the production of secondary metabolite may have increased due to rapid accumulation of a considerable root mass by continuous and active growth of roots in in vitro condition.
We have observed spontaneous dedifferentiation of transformed roots to callus on phytohormone free basal media which is similar to reports available from several species of Solanaceae (Jaziri et al. 1994; Moyano et al. 1999 Moyano et al. , 2003 Batra et al. 2004 ). Bandyopadhyay et al. (2007) have reported spontaneous dedifferentiation in LBA9402-transformed hairy roots of Withania somnifera. The probable cause of dedifferentiation could be the combined effective increase of plant growth regulators auxin and cytokinin in transformed roots of such species (Pitta-Alverez and Giulietti 1995). A previous study by Sharifi et al. (2012) showed optimum shoot regeneration obtained from epicotyl and hypocotyl explants of T. terrestris on MS medium supplemented with 0.1 mg L BAP respectively. Upon transfer to the mentioned medium, shoot regeneration from callus of transformed roots were obtained in these cultures after 40-50 days but they could not develop to mature shoots. It seems that the concentration of cefotaxime is not toxic to the explants, there might be an interaction between the explant and the bacteria which negatively affects shoot regeneration (Maurel et al. 1991; Welander et al. 1998 ). Thus, plants can be regenerated from hairy root cultures either spontaneously (directly from roots) or by transferring roots to hormone-containing medium. The successful regeneration of transgenic plants requires two major factors: an efficient regeneration system and an effective method for the integration of genes into the DNA of plant cells (Hansen and Wright 1999) .
Conclusion
The present study is the first report on the genetic root transformation of T. terrestris. There is variability in transformation percentages due to differences in Agrobacterium strains and medium composition. In both liquid and solid media, transgenic hairy root cultures exhibited vigorous growth in compared with control roots and accumulated harmine at the same levels as the control roots. These transgenic hairy roots can be taken for bioreactor cultures, thus favorable for production of specific medicinal products (Design of a large-scale bioreactor) for harmine production should be feasible based on these results. In the present experiments the plant regeneration from hairy roots was a limiting factor of the transformation method and could be improved in future experiments. An improved understanding of the biochemical pathways leading alkaloides synthesis will, in turn, be exploitable in manipulating and maximizing product synthesis under tissue culture and, ultimately, bioreactor conditions. Increase in product content of hairy roots by manipulation of the culture medium as well as precursor additions or elicitation would be experimented for increasing harmine content in hairy root cultures of T. terrestris. The present study also opens up a way to isolate and characterize other compounds present in T. terrestris roots and to determine their biological activity using suitable assay systems.
